We demonstrate the use of a full-wave electromagnetic field simulator to verify terahertz (THz) transmission-mode spectroscopic measurements of periodic arrays containing subwavelength cylindrical scatterers. Many existing THz scattering studies utilize analytical solutions, which were developed for a single scatterer. For multiple scatterers, a scaling factor equal to the number of scatterers is applied, accounting for interference between far-field radiative contributions from those scatterers but not their near-field mutual coupling. Consequently, analytical solutions do not accurately verify measurements. Conversely, results from the fullwave electromagnetic field simulator elucidate our measurements well, and provide an important insight into how the scattering behavior of cylindrical scatterers is influenced by test conditions. 
Introduction
An "infinitely long circular cylinder" is an approximate model for a circular cylinder that has length l diameter d, l wavelength λ , and is orientated orthogonal to the direction of propagation of an incident electromagnetic beam. Many naturally occurring organisms and minerals, such as some viruses and asbestos, can be modeled accurately by infinitely long circular cylinders [1] . Equally ubiquitous in everyday life are synthetic objects that too can be represented as infinitely long cylinders, such as fabric fibers or hairline scratches on hard surfaces. Arrays of infinitely long cylindrical objects can display distinct scattering and transmission charac-teristics, such as birefringence or dichroism, which allow for their detection and identification (e.g. birefringent proteins are luminous when dyed appropriately). The prevalence of infinitely long circular cylinders make them interesting and useful objects to study. A study of scattering from arrays of infinitely long circular cylinders in the terahertz frequency range (THz or T-ray, frequency ν = 0.1-10 THz, wavelength λ = 3 mm-30 μm) forms the basis of this paper.
Most scattering studies in the THz frequency range have been conducted on samples with dimensions that are either at the same order as the THz wavelengths or at subwavelength values. Two popular materials reported in existing literature are powders of different dimensions [2] [3] [4] [5] and fibers from clothing [6] [7] [8] . Other materials used in THz scattering studies include cork enclosures [9] , pork-fat and onion cells [10] , wood and paper [11] , polymers [12] , fiberglass cloth [13, 14] , and hollow fiber with a film of absorptive dielectric inner-coating [15] . Surface roughness studies have also emerged from reflection mode THz scattering studies for communication purposes [16] [17] [18] . Statistical studies of THz scattering in random media [19] [20] [21] [22] , computer models for THz scattering [8, 23] , and THz ranging akin to that used in radar ranging [24] are other areas of research.
Within the overall body of literature pertaining to cylindrical scatterers, few theoretical models have been presented to explain the fibrillar scattering phenomena observed. One notable exception is in [8] , where a phase distribution function is used to model the random structure of various fabrics. Although more literature exists for theoretical modeling of spherical scatterers, the overall landscape of THz scattering studies (regardless of the samples' shapes) is sparse. This gap is the first of two motivations for this study.
The second motivation for this study stems from our past experiments involving soft cylindrical (fibrillar) protein microstructures [25] . In order to model the fibrillar proteins, an assumption was made when using analytical solutions of Rayleigh scattering that neighboring fibrils interfere constructively in the scattering and transmission of the incident electromagnetic wave. Although the resultant model sufficiently explained the observed THz measurement, it can be improved.
From antenna theory it is known that for a linear antenna array with all elements in phase, the total electric field radiating in the broadside direction is the result of constructive interference and mutual coupling between adjacent antenna elements. This results in azimuthal and zenithal radiation patterns with main and side lobes [26] . If an array of circular cylinders is only modeled using the superposition of analytical single element solutions, then the influence of mutual coupling is lacking. In this paper, we present a study utilizing a 3D full-wave electromagnetic field solver that can account for both interference (far-field) and mutual coupling (near-field). Our results are compared with THz transmission measurements of subwavelength cylindrical arrays made from fiberglass. We show that the simulation results accurately elucidate the observed transmission measurements.
Fibrillar samples and experimental results
The transmission mode time domain spectroscopy (TDS) THz system used in this paper is based on the generation of a THz pulse using an ultrafast (90 fs) near-infrared laser (Spectra Physics Tsunami) and a photoconductive antenna, with coherent detection via electro-optic (EO) sampling. Cylindrical (fibrillar) scatterers are made from fiberglass strands obtained from woven fiberglass cloth (plain weave E glass, weight 7.5 oz/yd 2 ) as shown in Fig. 1(a) . Each fiberglass strand is approximately 10 μm in diameter (λ min /3, λ max /300) and is 15 mm long (500λ min , 5λ max ). Since the length of each strand is 1500 times larger than the diameter, then each strand can be approximated by an infinite cylinder according to the definition given in Section 1. The strands are aligned as a near-periodic array as shown in Fig. 1(b) . The term "near-periodic" is used as it is acknowledged that the strands' small cross-sectional dimensions make handling difficult, resulting in imperfections in the array structure. These imperfections are taken into consideration later in Section 5.
Four arrays are deployed in this study. Each array is clamped between two polyethylene frames during measurements as shown in Fig. 1(c) so that the array is only exposed to air in the region of the incident THz beam. One of the frames is covered with aluminum foil to prevent transmission of THz through the frames. As illustrated in Fig. 1(d) , the array is placed orthogonally in the path of the vertically polarized incident THz beam. The arrays are placed either parallel ( ) or perpendicular (⊥) to the vertically polarized THz beam. Figure 1 (e) shows how the parallel orientation relates to the azimuthal and zenithal directions of an infinite circular cylinder.
The THz frequency response of two of the four fiberglass array samples are presented in Fig. 2 profiles of their real refractive indices n are fairly flat, varying only slightly over the frequencies of interest (sample 1: n ⊥ = 1.71 at 0.5 THz; 1.63 at 2 THz). Both parallel samples block more THz transmission than the perpendicular samples, suggesting agreement with the filtering capabilities of grid arrays, such as wire grid arrays in the transverse magnetic (TM) orientation [27] . However, the two parallel samples have differing extinction coefficient profiles. Sample 1 not only appears to block more THz transmission, its extinction coefficient profile slopes downwards beyond 2 THz. This slope is not observed in sample 2. Visual checks of both samples do not reveal any significant physical variations in the two samples. Repeat measurements of all four samples in the both orientations reveal similar inconsistencies for the parallel orientation. The decrement in extinction coefficient for sample 1 (parallel) occurs within the estimated system bandwidth of ≈ 0.2-2.5 THz, hence it can be argued that the decrement is not an artifact. Further investigations are necessary to ascertain if the sloping feature is an artifact, and to answer the question as to why the parallel orientation appears more susceptible to inconsistencies. Outcome of investigations are presented in Section 6.
The parallel arrays have uneven effective n profiles that vary more over frequency (sample 1: n = 2.13 at 0.5 THz; 1.74 at 2 THz), indicating dispersion in the fiberglass strands. The difference in refractive index between the parallel and perpendicular orientations suggests that the strands are birefringent, and that the measured refractive indices are effective values that depend in geometry rather than solely bulk values. Furthermore, given the more significant increase in extinction for the parallel samples, the strands may also be dichroic. Alternatively, the increase in α could be due to strong THz scattering in this orientation. In order to elucidate if scattering causes the increase in α for the parallel orientation, and to investigate why the two parallel samples have differing transmission profiles, Mie scattering is investigated in the next Section.
Analytical solutions: Mie and Rayleigh scattering
Analytical solutions for Mie scattering-of which Rayleigh scattering is a special case where object size wavelength λ -can be found in numerous pieces of literature [1, 28, 29] , hence they will not be elaborated on here. However a summary of salient equations is provided as follows. Referring to Fig. 1(e) , when an electromagnetic wave E inc propagating in a medium with complex refractive indexn i is incident normal (θ = 90 • ) to the long (z) axis of an infinite cylinder with complex refractive indexn t , some of the power from the incident wave is scattered back by the target object ("backscatter"). The measure of this backscattered power is the scattering cross section C sca (units: m 2 ), which is analogous to the monostatic radar cross section (or echo area) [30] . The backscattering cross sections for the parallel and perpendicular cases are defined in Eqs. (1) and (2):
where wavenumber k = 2π/λ , r = cylinder's radius, l = cylinder's length,n = n − iκ, κ = imaginary component of the refractive index or absorption index = αλ /(4π), m =n t /n i , J s (p) and Y s (p) are the Bessel functions of the first and second kind respectively with integral order s ∈ R, J s (p) is the first derivative of J s (p), and H (1) 
In literature relevant to scattering, there is no distinction between the effective and the bulk refractive indices of a material, regardless of the material's shape or size [1, 28, 29] . In [29] , examples seem to suggest the use of the bulk refractive index. In the framework of the fullwave electromagnetic simulation, it is clear that the input material parameters have to be taken from the bulk material properties. The results of the simulation for the particular geometry then yield information about the effective material properties.
Comparison between experimental and analytical results
To explain the increase in extinction coefficients α with frequency as shown in Section 2, the scattering cross sections C sca, and C sca, ⊥ in Eqs. (1) and (2) are investigated. However, knowledge ofn is needed for m in Eqs. (3)-(5). Since the measured effective material parameters n and α of the fiberglass strands (displayed in Fig. 2 ) are dependent on orientation, they are not suitable for use inn. One alternative is to substitute the n and α values of the fiberglass strands with those of bulk glass reported in literature. A second alternative is to use n and α of bulk fiberglass cloth.
The THz characterization of a wide range of bulk glass types, ranging from optical grade glass to generic window glass, has been reported in literature [31, 32] . However, the number of references to bulk fiberglass cloth is sparse [13] . To supplement existing data, measurements of bulk fiberglass cloth are included in this study. The measured n and α values are: (at 0.2 THz) n bulk = 2.1, κ bulk = 0.096; (at 1 THz) n bulk = 1.95, κ bulk = 0.287. These values are within the range reported by other authors for bulk glass and bulk fiberglass cloth, hence are deemed acceptable. Figure 3 (a) presents the C sca, and C sca, ⊥ plots on a logarithmic scale when E inc is polarized parallel to the z-axis in Fig. 1 . For the frequencies under investigation C sca, ⊥ C sca, . This means that a fiber oriented perpendicular to the incident E field has a much smaller scattering area than one that is oriented parallel to E. In accordance with the definition of backscattering cross section in Section 3, a smaller scattering area implies that a weaker signal is scattered back to the illumination source, resulting in a stronger transmitted signal. This trend is consistent with those in Figs. 2(a) and 2(c). Although the trend in Fig. 3(a) is consistent with those in Figs. 2(a) and 2(c), the analytical model does not reveal if the decrease in measured α from 2 THz onwards for the parallel case is an artifact. The relative difference between C sca, and C sca, ⊥ is also exaggerated in the analytical model. These gaps in the analytical model motivate the exploration of other modeling techniques. One possible technique is to account for constructive and destructive interference from the array elements by using an array factor; this is elaborated on in the next Subsection. Another technique is to use a numerical electromagnetic simulation tool as described in Section 5.
Modeling an array with analytical solutions
To model multiple scatterers, Mie scattering equations are usually multiplied by a scaling factor equal to the number of scatterers under test [3, 25] , assuming constructive interference from all scatterers in the far field. When a scaling factor is applied to both plots in Fig. 3(a) , the resulting plots still do not resemble the measurements in Fig. 2(c) .
One possible way of deriving a multiplication factor is to apply the mathematics used to model antenna arrays, such as the array factor (AF) for N isotropic sources [33] :
is the distance between two adjacent sources, β is the difference in phase excitation between adjacent sources, φ is the azimuth (with -90 • being the forward scatter direction, and 90 • being the back scatter direction), ε 0 is the electric permittivity in vacuo, μ 0 is the magnetic permeability in vacuo, and μ r = 1 is the relative magnetic permeability of fiberglass. Assuming that all the fiberglass strands are excited simultaneously by the incident THz plane wave, then β = 0. The plot of the total scattering cross section C sca, total = C sca × AF when diameter d = 1 μm ≈ λ min /100 is presented in Fig. 3(b) , where the maximum frequency ν max = 2.788 THz.
The effect of multiplying C sca by AF becomes evident when Figs. 3(a) and 3(b) are compared, showing that AF scales C sca up by 2 orders of magnitude. The inclusion of AF for normal incidence is therefore no different from multiplying the Mie scattering equations by a scaling factor equal to the number of scatterers. This consideration is inadequate for modeling THz scattering for the test scenarios presented in this paper. In the next Section, an alternative model based on full-wave electromagnetic field simulation is presented. The full-wave solver produces results that are a better match with the experimental observations.
Full-wave electromagnetic field solver
The High Frequency Structure Simulator (HFSS, versions 10.1 and 11, produced by Ansoft) is an electromagnetic field simulator that utilizes the Finite Element Method (FEM) as a full-wave numerical solver of Maxwell's equations. The FEM solver finely meshes the virtual problem space to achieve accuracy, but this often leads to heavy utilization of available random access memory (RAM) on a computer. In order to significantly reduce memory use, symmetry and periodicity can be applied in HFSS. This is a practice that has been used by other authors investigating periodic structures in the microwave and THz frequency ranges [34, 35] . Figure 4 presents a HFSS geometry modeling an infinite array of infinitely long fiberglass strands. The symmetrical boundaries and periodic boundaries allow the complex test environment containing many infinitely long fiberglass strands to be modeled simply as two 100 μm long strands (each 10 μm in diameter) seated between periodic master/slave side boundaries. To create the infinitely long cylinders (with respect to wavelength) along the z-axis, symmetrical boundaries are applied to the top and bottom airbox walls that touch the ends of the cylinders (symmetrical E boundaries for the parallel case; symmetrical H boundaries for the perpendicular case). Given that HFSS utilizes a 3D solver, the symmetrical boundaries also serve the dual purpose of reducing the problem space into a 2D one, simplifying and speeding up the simulation. It is noted here that other electromagnetic field simulators may be more suited for the 2D problem presented in this study, e.g. COMSOL (by COMSOL AB, also based on FEM but includes a 2D implementation) and the Multiple Multipole Program [36] . The latter simulator is most suited for 2D problems, particularly periodic surfaces.
Two strands are used in order to account for the imperfection in aligning the fiberglass strands, such as a slight offset between adjacent strands as shown in Fig. 4(f) . The airbox walls that are parallel to the y-z plane are assigned perfectly matched layers (PML) as absorbing boundaries in order to simulate the extension of the problem space into infinity. Since the far-field response is of interest in this study, the incident THz beam is modeled in HFSS as a plane wave as described in Fig. 1(e) instead of as a Gaussian beam.
One limitations inherent in HFSS is that the PML boundaries excludes the airbox from being used for far-field calculations. In order to create a suitable surface for far-field calculations, a second vacuum airbox is used. Not visible in Fig. 4(a) is the second, shorter (along the x-axis) airbox seated tightly inside the first airbox. This airbox is similar in shape to the first, except the walls which are parallel to the y-z plane are at a shorter distance (λ max /2.05) from the cylinders, meaning they do not touch the PML boundaries. None of the walls of the second inner airbox are assigned specific material boundary types, but they are used as Huygen's surface for nearfield to far-field computation. The 0.05 factor used in the length of the second airbox (i.e. the difference in the denominators of λ max /2.05 and λ max /2) is chosen because it is a small number. If another small number is used, such as 0.01, similar results are generated.
One advantage of HFSS is that it allows the reflection and transmission characteristics of the model to be extracted as S-parameters: S 11 and S 21 are the reflection and transmission coefficients respectively. The S-parameters, which are usually expressed in decibels, are defined in [33] either in terms of the electric field E or magnetic field H of a plane wave transmitting from medium 1 into medium 2:
where η 1 = (μ 1 /ε 1 ) 1/2 , and η 2 = (μ 2 /ε 2 ) 1/2 . Values of S 11 describe backscattering, whereas S 21 describe transmission; S 21 therefore provides a means for elucidating the behavior of the THz transmission magnitude plots in Fig. 2(a) . If S 21 = 1 (or S 21 = 0 dB), then the incident THz signal is 100% transmitted, implying that the transmission magnitude → 0 dB. If S 11 = 1 (or S 11 = 0 dB), then the signal is 100% reflected, implying that the transmission magnitude → ∞. In an ideal condition with no losses, |S 21 | 2 + |S 11 | 2 = 1. The next Section presents the S-parameters from the model in Fig. 4 and compares them with the measured THz transmission magnitudes.
Comparison between experimental and numerical results
Simulations of the HFSS model described in Section 5 are set to cover the frequency range from 0.088 THz to 2.788 THz, with a frequency resolution of 30 GHz. The maximal mesh size on the side of each cylinder is set at one eighth the length of the cylinder; the maximal mesh size at the top and bottom ends is set at a third of the cylinder's diameter. After iterative adaptive mesh refinements, approximately 200,000 tetrahedra are created by HFSS to cover the problem space. Figure 5 (a) presents the S 21 results obtained with the double-cylinder, periodic model shown in Fig. 4 . Compared with the measured THz transmission magnitude in Fig. 2(a) , the following observations are made with regard to their qualitative and quantitative match. There is a good qualitative match over all frequencies between the measurements and the S 21 results for both the parallel and perpendicular cases. This match is superior to the poor match between the scattering cross section C sca, and C sca, ⊥ plots in Fig. 3(a) with the measured extinction coefficients α The airbox walls, which are parallel to the y-z plane, are λ max /2 away from the cylinders, where the minimum frequency ν min = 0.088 THz. The two airbox walls that lie parallel to the x-z plane are assigned master/slave boundaries in order to model the periodic array that extends to infinity along the y-z plane. In order to model each cylinder's infinite length with respect to its diameter, the walls parallel to the x-y plane are assigned symmetrical electric field E boundaries for the parallel case (symmetrical magnetic field H boundaries for the perpendicular case). (c) One of the two PML boundaries with depth of λ max /6; this depth ensures that fields incident on the PML boundaries are nearly completely absorbed and are not reflected back into the problem space. (d-e) Zoomed view showing two cylinders enclosed inside the airbox for both the parallel and perpendicular cases. (f) Plan view of the double cylinder structure with a 2 μm offset to account for misalignments between adjacent strands in the fiberglass arrays used in the THz experiment. To create a small 1 μm gap between adjacent strands, a 0.5 μm wallspace is introduced between each cylinder and the airbox walls which are parallel to the x-z plane. The master/slave boundaries replicates the double cylinder structure along the y axis. The grid spacing in this specific figure is set to 0.5 μm along both the x and y-axes.
in Fig. 2(c) . Quantitatively, the match is poor between the measured THz transmission magnitude in Fig. 2(a) and the S 21 results in Fig. 5(a) , raising the question whether the single layered HFSS model used is adequate for modeling the actual array, which may contain more than one layer due to imperfections. This question is answered in Section 6.1. When the space between adjacent strands increases, the S 21 plots for both orientations shift upwards, indicating stronger THz transmission due to "leakage" through the wider spacing. However, the parallel case appears to be more sensitive to the change in strand spacing, shifting more significantly than for the perpendicular case. This resembles the inconsistencies seen in Fig. 2(a) for the two parallel samples.
For the parallel case, the S 21 plot also matches the measured THz transmission magnitudes more accurately at the lower THz frequencies. However, the S 21 plot for the parallel case still does not explain if the upwards-turning curve after 2 THz as seen in Fig. 2(a) for the parallel sample 1 is an artifact. To ascertain if this feature is an artifact, we explore the effect of changing the space between the cylinders in our HFSS simulation. This scenario is realistic, as the fiberglass strands are not secured very tightly to the polyethylene frame in order to prevent them from snapping. The strands may therefore have moved out of place prior to measurements, creating spaces between the strands that are wider than anticipated.
Three values, 5 μm, 10 μm and 15 μm, were arbitrarily chosen to examine the effect of varying the space between adjacent strands. The S 21 plots generated from these new scenarios are presented together with the 1 μm case in Fig. 5(b) . Comparing only the perpendicular cases, the S 21 plots shift upwards as the strand spacing increases, with similar profiles except a change in gradient; the changes in gradients are less significant between the 5, 10 and 15 μm cases than between the 1 μm and 5 μm cases. These observations for the perpendicular case suggests that the the fiberglass arrays in the perpendicular orientation are fairly robust to small changes to strand spacing, possibly explaining why no difference in THz transmission magnitude is measured in Fig. 2(a) for the two perpendicular samples.
Like the perpendicular case, the S 21 plots for the parallel case also shift upwards as the strand spacing increases. The extent of shifting is greater than for the perpendicular case, suggesting that the fiberglass arrays in the parallel orientation are more sensitive to small changes to strand spacing, thus the difference in the measured THz transmission magnitudes of the two parallel samples shown in Fig. 2(a) . However, there is no evidence in the S 21 plots for the parallel case of the upwards-turning characteristic present in Fig. 2(a) .
Observations from the S 21 plots suggests that (i) the fiberglass arrays in the parallel orientation are particularly sensitive to small changes in the strand spacing, manifesting as different THz transmission magnitudes as reported in Section 2 for the two parallel samples; and (ii) the upwards-turn seen in Fig. 2(a) for the parallel sample 1 cannot be reproduced in the HFSS model, hence it can be concluded that the curve beyond ≈ 2.2 THz in Fig. 2(a) is an artifact. However, the lower THz transmission magnitude of the parallel sample 1 when compared to the parallel sample 2 at 2 THz is genuine, and could be due to the aforementioned sensitivity to strand spacing. Alternatively, there could be more than one layer of cylinders in the path of the THz beam. The effect of multiple cylinder layers is investigated in the next Subsection.
Influence of multiple cylinder layers in the array
When Figs. 2(a) and 5(a) are compared quantitatively, the dB values of the plots in Fig. 2(a) are approximately 10 to 15 times larger than those in Fig. 5(a) . For example, the magnitude of the perpendicular sample at 1 THz in Fig. 2(a) is ≈ -5 dB, whereas the S 21 value of the perpendicular sample in Fig. 5(a) is ≈ -0.5 dB. This difference may be due to multiple layers of cylinders in the arrays used in the THz measurements. Referring to Fig. 1(b) , there is a strong likelihood that multiple layers of fiber threads are present in the path of the THz beam.
To observe the effect of multiple cylinder layers, a periodic model containing only one cylinder as shown in Fig. 6(a) is compared with periodic models containing up to 24 cylinder layers. Two examples of models containing multiple layers are presented in Figs. 6(b) and 6(c).
Figures 6(d) and 6(e) present the S 21 plots of the models containing multiple cylinder layers for both the parallel and perpendicular orientations. The normalized THz transmission magnitudes of the samples as presented previously in Fig. 2(a) are included for comparison.
For frequencies above 0.5 THz, each cylinder layer decreases the S 21 value by ≈ 1 dB for the parallel orientation, and by ≈ 0.5 dB for the perpendicular orientation. This results in a distinct decrease in the S 21 values for the parallel case when compared with the perpendicular case, indicating less transmission for the parallel case that is consistent with the results shown in Fig. 2(a) . The S 21 plots of the 24-cylinder model for both orientations are in good quantitative agreement with the normalized transmission magnitudes in Fig. 2(a) (with the exception of parallel sample 1), indicating that the transmission ratio between both orientations (parallel vs. perpendicular) has been very closely found. Therefore, the use of multiple cylinder layers is a more accurate means of modeling the arrays used in this study.
As discussed previously, the lower THz transmission magnitude of parallel sample 1 when compared to parallel sample 2 is likely due to sensitivity to strand spacing. However, based on the observation described above for the parallel orientation that each cylinder layer decreases the S 21 value by ≈ 1 dB, then it is also possible that sample 1 contains more layers than sample 2. 
Verifying consistency in periodic models
Although the good agreement between experimental and numerical results is encouraging, its success necessitates a check on whether the numerical results are biased by unexpected inconsistencies in the model and/or simulation. One check is to compare the numerical results obtained from the model in Fig. 4(d) with those generated by other HFSS models that contain structural variations. Three models are presented in Fig. 7(a) . The first model (model i), which is similar to Fig. 6(a) , contains only one cylinder enclosed inside similar periodic and symmetric boundaries as Fig. 4(d) . The second model (model ii) contains two cylinders at the chosen spacing, and therefore considers two periods of model i. The third model (model iii), which is similar to Fig. 4(d) , introduces a small offset between the cylinders. This offset breaks the periodicity, and introduces some randomness in the cylinder arrangement.
(a) Periodic models containing (i) only 1 cylinder (similar to Fig. 6(a) ), (ii) 2 cylinders with no offset between cylinders, and (iii) 2 cylinders with offset between cylinders (similar to Fig. 4(d) ). The grid spacing in these three figures is set to 0.5 μm along both the x and y-axes. Model i is structurally simple as it contains only one cylinder, reducing any errors that may arise from the presence of multiple cylinders in the problem space. Model ii is equivalent to model i, and is included to check the consistency of the periodic computational model. Therefore the S-parameters of models i and ii should be similar with only small differences that arise from meshing. If the presence of multiple cylinders causes any inconsistency in the model, then the two sets of S-parameters will differ noticeably.
The S 21 plots of the single-(model i) and the double-cylinder with no offset (model ii) pe-riodic models overlap when juxtaposed in Fig. 7(b) , indicating that both models are indeed equivalent. Furthermore, the model in Fig. 4 (d) (model iii) also overlaps the model i and model ii plots. This means that artifacts have not been introduced from the presence of multiple cylinders in the problem space, nor by the offset between cylinders. It can therefore be concluded that the numerical results generated by HFSS are not corrupted by meshing inconsistencies.
Conclusion
In this study, we have presented novel THz-TDS measurements of subwavelength fiberglass arrays, and have utilized a full-wave electromagnetic field solver to explain our measurements. The plotting capabilities of the full-wave electromagnetic field solver has permitted us to visualize the near-field characteristics of the fiber structures under investigation, which is invaluable for understanding the mechanisms and interactions between the fibers, providing an extra dimension of information that would otherwise be lacking in transmission-mode experiments. Furthermore, the use of a commercially available full-wave electromagnetic field solver package, such as HFSS, provides for ease of reproduction of the results. We have also included in this study a performance comparison between analytical solutions for scattering, and a mathematical technique for modeling arrays. The analytical approaches do not include the near-field interactions between objects, whereas the full-wave electromagnetic field solver intrinsically takes this into account as it solves Maxwell's equations. One potential extension of this investigation is to replace cylinders with spheres in order to simulate powders and other spherical scatterers commonly encountered in THz experiments. Both cylinders and spheres can also be used to study the influence of surface roughness in the THz regime, which is of interest in the realm of THz communications and medically-inspired THz applications. These investigations will be the focus of our future work.
